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The phosphatases are enzymes important to life beeause of their ability to 
hydrolyze phosphate esters or to transfer phosphate from one organic group to 
another. Phosphomonoesterases hydrolyze monoesters of phosphoric acid, 


RO — PO,H, + H.O > ROH + H,PO,. 


and are classified as acid- or alkaline-phosphatases depending on the pH at which 
maximum activity occurs. Other phosphatases hydrolyze diesters of phosphoric 
acid, pyrophosphates, or metaphosphates; unless otherwise stated, however, the 
term “phosphatase” will hereafter be used to designate only phosphomonoesterases. 
Constitutive enzymes are those always formed by cells, regardless of the medium 
in which they are grown. Induced enzymes are those produced by an organism 
only when it is exposed to a specific substrate; it then permits the organism to 
utilize this substrate. Repressible enzymes are those synthesized only when the 
concentration of a particular substance, a represser, becomes very low. 

Phosphatases in algae have been reported by several workers recently. Brandes 
and [eIston (1956), using histochemistry and electron micrography, reported the 
alkaline phosphatase of Chlorella wulyaris to be localized at the cell surface. 
Talpasayi (1962), studying the inhibition of acid phosphatases of algae by molyb- 
denum, found that living cell suspensions showed more enzvme activity than broken 
cells. Eppley (1962) tound that several species of intertidal aleae hydrolyze 
pyrophosphate and assimilate a portion of it; most of the resulting orthophosphate 
remained in the medium, however. Galloway and Krauss (1963) found that 
pyrophosphate induced the produetion of pyrophosphatase in Chlorella pyrenoidosa 
cultures; cell walls from disrupted Chlorella contained most of this enzyme. 
Overbeck (1962) found that Chlorella pyrenoidosa cultures split pyrophosphate and 
elycerophosphate. Fle also reported that Scenedesmus quadricauda contained three 
phosphomoenoesterases and three pyrophosphatases but they seemed to be inside 
the cell rather than at the surface and the substrates did not penetrate the cell wall. 
Living Scenedesmus did not assiniulate pyrophosphate or phosphomonoesters rapidly 
even after seven weeks in the presenee of these substrates. Price (1962) showed 
that 2 mJ/ phosphate was sufficient to repress svuthesis of the acid phosphatase of 
[euglena gracilis. 

Many species of algae are capable of obtaining phosphorus from esters in order 
to sustain growth in the absence of orthophosphate (see review by Provasoli, 1958). 
\We found that many species of marine algae produce alkaline phosphatase when they 
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heeome phosphorus-deficient. This enzyme hydrolyzed dissolved phosphate esters 
on or outside the cell; the cell then absorbed only the phosphate ton, leaving the 
organic morety 1m the medium. 
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Stock axenic algal cultures were maintatned in half-strength Medium f (Giudlard 
ence Kegher, 196.2) -75 me, NaetO., 5 ig, aH, PO -H.O, 5 me. Fee DT ale =30 
feed 10), 9RLO, 100 per thiamine FIC O.5 wwe. Bintin, 0.5 xe: vik 
10 pg. Cat a -5| i ), 2? Po; A OF 7 | AGy 10 pe. Coal. al 1 1S0 pps MnCl: 4l 0, 
(oes. N\a.SloQ),-211,©. 1 liter filtered sea water. Cilduimdomenas spp, were 
furnished with N11,C1 wstead of NaNO, as the nitrogen source. Stock cultures 
were tested periodically for bacterial contanunation by moculating mto sea water 
medium contammg O.1% tryptone. VPhosphorus-deticient algae were produced by 
growing them i sea water medium contatning double the concentration of all the 
above nutrients except phosphorus; it was reduced to 7 pj/ or less. All cultures 
were grown at 20° C. except Defonula confervacea and Thalassiosira nordenskioldit 
manely were vrown at 3 ©. Cells were counted using a Spencer “Bright (ine or 
a Palmer counting chamber. Cell dimensions were obtamed with a calibrated 
ocular micrometer and cell volumes were calculated by formulae for similar geo- 
metric solids (sphere, evlinder, ete. ). 

Cellular protein was measured by the Folin-Ciocalteu) phenol reagent by a 
method that we modihed from Lowry ef al. (1951). Algal suspensions were 
eentriiuged for 5 minutes and the supernatant was disearded. The cells were 
resuspended in dS ml. of 10% triehloroacetic acid (TCA) and held 10 minutes at 
100" C. to precipitate protein and dissolve uueleic acids and other acid-soluble 
niatertal, The preeipitate was centrifuged and washed twice with 5 il, of 10% 
TCA. Phe protein was redissolved in 0.5 ui. 1 N NaOll overnight, then 3 mil. of 
Mowrves- Keagent 1) (50 parts 26 ‘Na,CO, plus | part 08% CusO,: Sil. am lay 
sodiuimi-potassiun tartrate; mixed fresh daily) was added and the volume was made 
up to O ml. with distilled water. After 10 minutes 0.8 mi TN Folin-Ciocalteu 
plienol reagent was added and the absorbance at 750 my was read 30 minutes later 
ona Beekman DU speetrophotometer.  Protem standardization was performed on 
bovine serum albumin by the Lowry efal, (1951) procedure. 

lenzyine activity was assayed by the rate at which nitrophenol accumulated 
during hydrolvsts of p-nitropheny] phosphate (NPP) at known livdrogen ton 
concentrations. “The NPP stock consisted of 0.1 g. of NPP plus 2.5 ¢ MESO, in 
50 inl. distilled water. “lhe jolt range 3.0 to7Oi8 was" coverc dehy sae wenliic 
acid-potassiuim ¢eitrate solutions and the range 7.2 to 98 by 1d Tris Chydroxy- 
methyl amimo methane: HC) solutions, Phe actual pll value of fltered sea water 
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containing these buffer solutions was measured with a Beckinan Model 76 hydrogen 
ton meter. For each analysis, the algal culture: NIP stock: citrate buffer stock: auto- 
claved-sea water diluent ratios were usually about 1:1:1:30.) In order to obtain 
adequate alkaline buffering however, 1t was necessary to use twice as much Tris, 
giving 1:1:2:30 ratios. Unless otherwise noted, all measurements of enzyme 
activity were performed on whole, living cells in darkness or dim hight at 19°-21° C. 
After incubation, sufficient pH 10 Tris buffer was added to the low pit samples to 
bring out nitrophenol color (pl 9) and the absorbance of mitrophenol was measured 
ina Beckman DU spectrophotometer at 410 niz in }-em. or 10-cm. cells. lenzyime 
activity was calculated from the nitrophenol-time regression; one “Unit” represents 
the amount of enzyme that causes a change in optical density of 0.001 per minute 
ina }-cm. cell. 

The rate of assimilation of phosphorus by algae from glucose-6-phosphate 
(G-6-P ). adenosine monophosphate (AMP), and e-glycerophosphate (a-GP) was 
measured by periodically determining the phosphorus content of the algal cells. “Pwo 
ml. of cultures of phosphorus-deficient cells were added to 8 mi. of filtered, auto- 
claved sea water (pH ~ &) containing 0.1-0.2 pmole of one of these three esters 
in centrifuge tubes. Periodically, duplicate tubes were centrifuged for 35 minutes. 
the supernatant was discarded, and the cellular phosphorus was determined by 
ineasuring the orthophosphate after hydrolysis in 0.55 N H.SO, at 140° C. for 3 
hours (WNetchum ef al., 1955). Total phosphorus initially present in the sea water, 
the algal cultures, and the three substrates was measured the same way. Inorganic 
phosphate of sea water was measured by the method of \Wooster and Rakestraw 
251s) . 

Rate of uptake of the glucose from G-6-1? was determined from the decrease in 
radioactivity of a C**-labeled solution. Ten pc. of the Ba salt of D-glicose-I-C™- 
6-phosphate were dissolved in 3 ml. distilled water and converted to the Na salt by 
passage through a 7 X 30-mm. strong cation exchange column (Dowex 50) in the 
Na‘ form: the column was rinsed with 2 ml. of distilled water. This was diluted 
1:100 to obtain a suitable count-rate and 0.25 ml. was added to centrifuge tubes 
containing autoclaved sea water (pH ~ 8). G-6-P carrier, and phosphorus-deficient 
algae as described above. Subsamples of this suspension were periodically cen- 
trifuged and samples of the supernatant were dispensed (0.2-0.5 mil) onto planchets, 
dried, and the C'™ counted with a windowless gas tlow detector. The sane 
volumes of the original whole suspension were also dried, and the imitial count rate 
thus obtained had geometry and self-absorption factors simular to the supernatant 
sanples. 


KESULTS 
Phosphatase synthesis by deficient algae 


Alkaline phosphatase is produced abundantly when algae are grown in a 
phosphate-limited medium, or stated conversely, its production is repressed in 
phosphorus-sufficient algae (Table 1). In each species the enzyme activity of 
P-deficient cells was at Jeast 30 times greater than in cells limited by vitamins, 
iron and trace metals, nitrogen, or silicon. (Phacodactyluim has no requirement for 
vitamins or silicon, nor Coccolithus for silicon; hence these experiments were 
not performed. ) 
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TABLE 1 


Effect of nutrient limitation on produetion of alkaline phosphatase. Cultures were grown in Medium f 
deficient in one of the 3 types of nutrients until cell numbers increased less than 10°) per day. 
Ensyme activity (Cnits/10° cells) was measured at 20° 25° C. All measurements were 
made at pH 8.0, although later it was found that this was not at the pH optimum 

for the phosphatase of these species. 


Nutrients Omitted: Thiamin Fe, Cu, Zn, A Si i? 
| Biotin, Bre Co, Mn, Mo 








Phaeodactylum tricornutiuni yal ZAI 62 
Cyelotella nana (clone 13-1) () 0.03 0.10 0.03 6.3 
C. nana (clone 3k) () OAs 0.02 0.21 ee 
Skeletonema costatui 0.04 27 ee) | 0.13 2 
Coccolithus huxleyi 0.05 0.04 () — 39 


The low enzyme activities in P-sufficient cultures are not the result of imbibition 
of enzyme activity by phosphate in the medium. In one experiment we measured 
the phosphatase activity of Coccolithus husrleyt in the presence of various ortho- 
phosphate concentrations and found a nearly linear inhibition of activity amounting 
to 80% at 1Omd/. However, the inttial phosphate concentration of Medium f is 
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only 72 pAZ and the inhibition of enzyme activity should have only been about 6% 
even if no phosphate had been asstnulated by the cells. As discussed below, the 
amount of phosphatase in a culture increases with time; thus, comparisons of the 
ralues for the different species in Table I are wawarrantable. 
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Figure 2. Changes in cell numbers, protein content, and enzyme activity during growth 
of a Coccolithus hisrleyi culture: 1 liter shaken several times daily; 3.7 wif P+ 20° C.: 300 fe. 
illumination; enzyme measured at pH 9.7; phosphate added on day 7 increased the content 
of the medimn hy 25 wi P. 


Time course of phosphatase production 


The production of alkaline phosphatase in Phaeodactylunt began when the 
average cell still had enough phosphorus to divide at least once more, Le., about two 
days before cell division and protein syuthesis stopped (lig. 1). Enzyme prodne- 
tion continued at a nearly linear rate at least 5 days alter the apparent halting of 
net protein production. 

The same pattern of initiation of enzyme production just before growth stopped 
Was repeated in two experiments with Coccolithus, the results of one being shown 
In Figure 2. Repression of enzyme synthesis by phosphate was confirmed when this 
nutrient was added to half of the culture on day 7, the remaining half representing 
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a control Phosphate stopped enzyme produetion whereas cell numbers and 
cellular proteinsinereased agam at rates comparable to those on days 1 to 3. 

The cellular phosphorus per unit volume of P-deticient marine algae ranged from 
lto ls X (OS siinele I’ /u* in specicsaariirerent sizes (Valles iiiee Cellularsprotem 
per umt volume, however, differed by less than a faetor of 5 among these same 
species. Some variability in both P- and proteim-content might arise from ealeula- 
tion of cell volume, due to irregularity of cell shape and uncertainty as to the thiek- 
ness of the enveloping frustules, coccohths, or cell walls. “A large vacuole would 
also tend to lower the amount of Po or protein per unt whole cell volume. The 
PY oFrotem ratios calculated fronr Vable 11 were more nearly constant, froni 230 


TAREE 


Cell volume, phosphorus, protein, and maximum observed rate of production of 
phosphatase in phos phorus-deficient marine algae 








Cell Cell Cell Enzyme 
volume J 87 protein production rate 
pw cell) | (107!?mole, 23) | (1O7H gy y3) (10°sunits u3-day) 

Chrysophyceae ! 
Tsochrysts galbana ies 1.0 4.3 | 6 
Cricosphaera carterae 1240 lean Soe ! 16 
Coccolithus huxleyi ia 22 6.2 | 20 

Bacillariophyvceae | 
Phaeodactylum tricornutitui oe 3,2 act 10 
Chaetoceros stniplex 120 1.6 5.9 6 
Thalassiosiva fluviatilts 1300 2) 7.4 10) 
Cyclotella cas pia 210 a5 £0 6 
C. nana (clone 131) 140 3.4 10 ().2 
C. wana (clone 3-H 85 oe 7.8 2 
C. cryptica 640 4.3 15 1] 
Nitsschia clostertum S4 Is 19 5 
Skeletonema costatuim 160 8.0 2 es 

Dinophyceae 
-lutphidinium cartert 660 DEAS, 10) ().4 


to 790 pmole P/g. protein. Some algae synthesized alkaline phosphatase much 
faster than others when compared on the basis of cellular volume (Tahle I]). 
Further work will undoubtedly show conditions under which higher rates occur 
in some of these algae, but repeated experiments indicate that, under our conditions, 
there are obvious differences. Coccolithus, Cricosphaera, Phaecodactylim, and T. 
fluviatilis repeatedly showed rapid enzyme production when phosphorus-defictent. 


O pitta pll 


The rate at wlich phosphorus-deficient algae livdrolyzed NPP was markedly 
pll-dependent. The graphs of five representative species (Fig. 3) show that 
sigmificant enzvine activity generally extends one or more pll units on either side 
of the peak. Some species have more than one peak. Et should be remembered that 
the absolute height of the alkaline-phosphatase peak is a function of both the length 
of time since the cells became P defierent and specifie phvsiologieal factors. For this 
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reason emphasis is not placed on the amount of enzyme of one species compared 
to that of others. 

Twenty-nine clones (at least 25 species) of marine algae were tested to 
determine the pH at whieh their phosphatases were most active (Table ITf). Two 
species had maximum rates less than 0.6 Unit/ml. of culture and are not included in 
thetable. All chrysophytes and diatoms ( Bacillariophyceae ) had an abundant enzyme 
with activity at pH 8.6 or higher. Detoniula had a shghtly ligher peak at pH 6 
than at pH 9, but this might have only been the result of its lower metabohe rate 
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Ficure 3. Five examples of phosphomonoesterase activity from pIf 3 to 10. 


at 5° C.; the alkaline phosphatase activity presumably would overtake that of the 
acid in another few days. Thalassiosira nordenskioldu, the only other species 
grown at 5° C., was also relatively low in alkaline phosphatase, whereas 7. 
fluviatilis was similar to other diatoms. The three clones of Rhodomonas, although 
originally isolated from different places. had almost identical pl] graphs (see 
example, Fig. 3) and showed clearly that large amounts of alkaline phosphatase 
are not produced by Rhodomonas under these conditions, Their enzymes are 
probably constitutive; a repeat experiment with clone F-3A showed essentially 
the same amount of alkaline phosphatase as the first. The blue-green alga, 
Oscillatoria, produced alkaline phosphatase, whereas Coccochloris sp. (clone Syn) 
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(not shown) did not. Gyimnodininit nelsoni is interesting beeause both the acid 
and the alkaline phosphatases more than doubled during four days of P-deficiency. 
This is our only example of a phosphorus-repressible aed phosphatase. The two 
species of Chlamydonionas were the only green algae with significant amounts of 
alkaline phosphatase. Clone O-5 was extremely rich; furthermore it had two 
alkaline peaks. the seeond being 475 Units/ml. at pll 8.6. The chlorophyte, 
Dunaliella tertiolecta (not shown), was tested twice without acid or alkaline 
phosphatase bemg detected. Pyramimonas was also tested twice. Chlorella. sp. 


TABLE |1) 


The pl optima of algal phosphatases. Uhe clone designation of each of the algae ts in parentheses after 
the name. The habitat type from which clones were obtained and tsolated are: E, estuartne or rock 
pool; N, neritic; and O, oceanic. One Cnit/ml. ts the ensyme activity per nil. of culture 
that causes a change in OLD, of O.OT per minute ina f-cm. cell. 


pH Optima 





avers Mkaline » Ilabitat 
nits mil. pll Units ‘ml. pil 
Chrvsophyceac | ) 
Isochrvsis galbana (bso) 1.9 6.8 | «ze 9.8 De 
Monochrysts luthert (Mono) - ! S 9,7 Ie 
Cricosphaera carterae (Cocco If) a) 6.8 23 8.6 AN 
Coccolithus huxleyi (BY-6) 1.8 6.8 15 O7 () 
Bactlaniophyceae 
Phaeodactylum tricornutian (Phaco) = 26 9.7 E 
Melostrva sp. (Y-5) 0.0 6.8 6 Oe I: 
Cyclotella nana (311) : | 2.6 9.8 E 
C. crvptica (O-3.\) —— oT 0.7 iz 
Detonula confervacea (1). con.) | 6.0 OR) 9.0 Ie 
Thalasstostra fluviatilts (Nctin) 0.6 6.8 18 9.8 NM 
T. nordenskioldit (Y. nord.) - ee 9.0 \ 
Nutsschia clostertuam (N. clost.) a 9.8 N 
Skeletonema costatum (Ske) 7 8.6 ‘ 
Chaetoceros sp. (simplex?) (BBsniy ae 6.8 18 O7 () 
Cyclotella caspia (10-5) | pa) 6.8 2 o> ae ) 
C. nana (13-1) lees 9.8 () 
Cryptophyceac 
Rhodomonas +2) (38C) 0.5 4.4 0.8 8.6 i 
Rhodomonas (2) (h-5.\) OF3 4.4 0.6 8.0 [. 
Rhodomonas lens (Rhodo) 0.6 4.1 0.8 8.1 () 
Cyanophyccac 
Oscillaturia Woronichintt (Sin 2-4) 0.6 0.8 aad 9.0 i 
Dinophyceac 
Jlanphidinium carter? (.Amnphi 1) 9 9.0) lp 
Gvanodininm nelsont GSB) 0.8 5.8 0.3 ee Ds 
(Chlorophyceac 
Chlorella sp. (580) 6 6.8 Le 
Stichococcus sp. (GSB Sticho) ae 1.8 le 
Pyramtmonas sp. (Pyvr 2) Oe) 1.8 | i 
Chlamydomonas sp. (O-S) 650 7.0 | Ie 
Chlamydomonas sp. (b-17) fen 8.6 ie 
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had more acid phosphatase than auy other alga tested, but even this was low 
relative to the alkaline phosphatases of many other species. except for Gyntno- 
dintum, acid phosphatase production did not seem to begin when these algae became 
P-deficient as was reported in- fiuglena gracilis by Price (1962). The relative 
constancy in the amount of acid phosphatase within the species tested (Table 111) 
argues that these euzymes are constitutive. It is possible that the alkaline phos- 
phatases found in only small amounts in certain algae are also constitutive; further 
study of these species is necessary. 

The phenomenon of alkaline phosphatase production when phosphate-deficient 
was found in algae from estuarine, neritic, and oceame habitats (Table H11). 


(ptake of phosphate esters 


When P-deficient cultures were exposed to three different phosphate esters, 
AllPeteiee cre assinilated ateiemsaine mate by each aleal species (Pie +). ~ blac 
intercept at time-zero is the amount of phosphorus in the algae at the beginning of 
each experiment; the somewhat accentuated uptake during the first 5-S minutes 
simply reflects the amount of inorganic phosphate immediately available in- the 
diluting sea water. The curves from 5 to 125 minutes represent uptake of 
phosphorus from the esters. In Phacodactylum the uptake rate remained almost 
constant during this time, even though at 124 minutes about 800% of the G-6-1? 
had been assinulated. The initial levels of the other substrates were higher, and 
such a high proportion was not assinulated during this period. The amount of 
pliosphorus per P’hacodactyimm cell may be caletilated trom Figure." tiie 
final value. 
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is about 14 times higher than the initial value, but three times Jess than maxim 
cellular-P levels reported by Kuenzler and Ketchum (1962) and indicates that these 
cells were still not saturated. In the other two species not more than half of each 
substrate was used. The uptake rate decreased noticeably with time in Cricosphacra, 
perhaps indicating that it is more quickly satiated. 

The above experiments indicate that, instead of assimilating the whole ester, the 
aleae hydrolyzed the ester extracellularly and took in the phosphate. One might 
expect the uptake of whole glycerol phosphate, sugar phosphate, or nucleoside 
phosphate molecules to proceed by different mechanisms and at different rates. 
Hlowever, the remarkable similarity in rates of accumulation of phosphorus from 
these three esters suggests that the rates were Hinited by a common mechanism. 
Alkaline phosphatases of other organisms frequently hydrolyze more than one 
phosphomonoester (Stadtman, 1961), sometimes at similar rates (/:. coli; Torriam, 
1960). Thus, the enzymatic hydrolysis rate might have limited the rate of phos- 
phorus uptake from these three esters. On the other hand, if suffierent phosphatase 
were present, the phosphate assimilation rate would be the dimiting factor. “Phe 
phosphorus content of the Phacodacty/um inoculated mto each of the three esters 
(ie ty was V4 10° iniole/cell Nuenzler and Nctchum (1862) found ile 
phosphate uptake rate of Phacodactyliat in an & wll solution to be of the order of 
0.32 x 10 imolte/cell-min. for two hours. These two values give au expected 
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doubling time of cellular phosphorus of 4.4 minutes; cellular P aetually doubled 
more quickly than this in the inttial period (Fig. 4) when the sea water phosphate 
was being assimilated. The lower rate of P acenumulation from the esters than 
from the sea water phosphate suggests that insufficient phosphatase was present to 
release phosphate as rapidly as the cells could aceumulate it and, therefore, that 
the ester hydrolysis rate was the limiting factor. The experiments were done at 
about pll 8 although the phosphatases of these three species are more active at 
bishemamimwaitiess Fable [11). Herémh@wever, we were inrerested in the capa: 
bilities of algae under approximately normal conditions rather than under conditions 
optimal for one enzyme but possibly damaging to the whole, hving cell. 
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hiGURE 4. Increase in phosphorus content of three species of algae when exposed to three 
phosphate esters. The initial concentrations of G-6-P, AMP, and a-GP were 12-14, 22 and 


14-16 wll 2, respectively. 


Prost Teas OF MARINE ANGE 281 


120 K, 
/ ea 
O- TOS ee = a. 
i Ss oe me 
ee ree ee 8 Oe 
on ase ne aS == w 
iS) aN <r A 
& in 
= A 
as, ON COCCOLITHUS 
4 1f 
BG 0 . Ae UNITS/Me) 
= . CRICOSPHAERA 
Q (36 UNITS/m £) 
ey ee m x 
G THALASSIOSIRA 
y (34 UNITS/m 2) 
> P 
Wi 40 HAEODACTYLUM 
a (40 UNITS/M2) 
& O 
(ea O===-0 
20 
PHOSPHORUS O——O 
O 
O 20 40 60 80 {00 120 140 
MINUTES 


Figure 5. The hydrolysis of C-labeled glucose-6-phosphate by P-defictent Coccolithus 
husrleyi, Cricosphacra carteri, Thalassiosira fluviatilis and Phaeodactylum tricornutum. The 
concentration of the glucose moiety im the medium: was determined by measuring C* (dashed 
lines) ; the concentration of phosphorus remaining in solution (solid lines) was determined by 
the difference between the ortginal concentration and the amount measured chemically in the 
cells. Enzyme activity was measured with NPP at the same time in other portions of each 
culture; results are shown im parentheses (Units/mil. of culture). 


The following experiment showed that only the phosphate is assimilated and that 
the organie part of the ester remains in solution. When C!!-labeled G-6-P was 
mixed with four cultures of [-deficient algae, radioactive carbon remained in 
solution while the phosphate was assimilated by the cells (lig. 5). (The variability 
in the C™ counts was probably caused by self-absorption and geometry variability. ) 
The simplest explanation is that the phosphate was hydrolyzed extracellularly by 
phosphatase and taken in. whereas the glucose never entered the cell at all. This 
is substantiated by the general correspondence between the slopes representing the 
decline of phosphorus in the medium and the phosphatase activity as measured 
independently with p-mitropheny! phosphate. 


Location of the enzyme 


The alkaline phosphatase of the two spectes studied more carefully, Coccolithus 
husleyi and Phaeodactylum tricornutum, is firmly attached rather than being in 
solution in the cell. Repeated attempts on one or the other species, using sonication, 
explosive decompression, osmotic shock, freezing and thawing, heating, or treatment 
with lipase. cellulase, iso-butanol, and various salt and buffer solutions, failed to 
solubilize the enzyme. 
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Rothstem (1954+) discussed several criteria that might imdicate enzyme attael- 
ment toa cell surface rather than to an mternal organelle, and we have appled sone 
of these criteria to our own data. If the enzyme is located at the cell surface, 
disrupted cells should show no more activity than whole cells and the pll responses 
of disrupted and whole cells should be the same. When we = sonicated, then 
centrifuged, cultures of Coccolithis Iutrleyt and Chlamydomonas reinhardi, all the 
enzyme activity was found in the pellet; additionally, the activity of the pellet was 
no more than that of whole, living cells. experiments with six other species 
(Table IN’) showed that little of the enzyme activity was in solution either before 
or after sonication. Here, too, except for Cricosphacra, there was no inerease in 
enzyme activity after disruption of the cell structure. In Coccolithus the activity 
of each pl between 7.7 and 9.7 was approximately the same in sonicated as in 
intact cells. .\s already discussed, identical rates of assimilation of P from G-6-P, 


WARE 1S 


etlRaline phosphatase (Units/ml. of culture) in cells and filtrate before and after sonication. 
The cells were sonicated at 0° Cw daN Nau Gl 


Whole culture Sonicated culture 
Cells 7 
Cells Filtrate perrec 
Betore After 

Phaeodactylum tricornutun 90.4 9.0 83 80 9.2 
Cyclotella cry ptica 50 0) 52 38 0.1 
Chaetoceros siniplex 73 0) ie 38 O 
Thalasstostra fluviatilis 64.4 1.6 74 57 0.24 
Tsochrysis galbana 130 () 106 70) i) 
Cricosphaera carterae 14] () [19 201 () 


AMP, and a-GP.omore likely result from livdrolysis at the cell surface than from 
identical rates of transport of the whole molecules into the cells. linally, the 
nitrophenol resulting from hydrolysis of NPP owas found im solution, just as the 
C™ from labeled G-6-P stayed in solution (lig. 6); these facts are more readily 
explamed by extracellular hydrolvsis of non-penetrating substrates than by m- 
mediate excretion of nitrophenol, labeled glucose, or labeled CO, following intra- 
ecllular hydrolysis. Our evidence for cell-surface enzymatic activity in algae agrees 
with that of Brandes and Elston (1956), Talpasayvi (1962), Galloway and Krause 
(1963), and Overbeck (1962) already mentioned in our imtroduction, 


Biscression 


ft appears that the alkaline phosphatases of marine algac may enable them to 
regenerate phosphate from organic sources and thus circumvent heterotrophic 
regeneration. In general, heterotrophs may be expected to hydrolyze phosphate 
esters in order to Obtain the energy bound in the organi¢ moiety, whereas autotrophs 
with abundant energy available from sunlight would only need the morganic plios- 
phate radical. There are siniularities, however, between phosphatases of veasts and 
bacteria and those of algae. Suomalainen ef al. (1960) reported that both the acid 
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and alkaline phosphatases of baker's yeast increased markedly with phosphorus 
starvation. From comparisons of enzyme activity of whole cells to that of dried, 
freeze-thawed, or cytolvzed cells, they concluded that the acid phosphatase was 
mostly at the cell surface and the alkaline phosphatase was mostly internal. In 
the bacterium, Escherichia coli, Torriant (1960) found that the acid phosphatase 
was always present (i.c., constitutive), whereas alkaline phosphatase synthesis was 
repressed by phosphate. Malamy and Horecker (1961) removed the cell walls 
from -. coli with lysozyme and reported that these protoplasts Jost most of their 
alkaline phosphatase activity. They suggested that the enzyme lies outside the cell 
membrane. Yeasts and bacteria, therefore, also have a means of hydrolyzing 
phosphate esters extracellularly, especially when [-deficient. 

The ability to produce phosphatases that act on extracellular substrates may 
give some algae a competitive advantage over other species when phosphate in 
sea water is less abundant than dissolved organic phosphorus. It is probable that 
these phosphatases not only hydrolyze but also immediately transfer the phosphate 
to an acceptor in the cell. Such a transfer would improve the recovery efficiency 
and increase the competitive advantage even more. The components of the dis- 
solved organic phosphorus pool in the sea are still completely unknown, but un- 
doubtedly some of the compounds are phosphomonoesters. Kuenzler ef al. (1963) 
reported that P-deficient Phaeodactylum tricornutum could rapidly obtain more 
phosphorus from natural sea water than was present as orthophosphate, and con- 
cluded that the difference came from dissolved organic phosphorus compounds. 

We have tried to learn the characteristics of the phosphatases of whole algae and 
the resulting capabilities for the living cells. In this regard, experiments on enzyme 
activity at very high or very low pl] (Fig. 3) are not very meaningful because such 
conditions are abnormal in the sea and often’ lethal im culttires. Sea water ustially 
has a pH of 8 or higher where active photosynthesis is occurring, and it seems 
significant that the phosphatases synthesized can hydrolyze esters at sea water pH. 
Constitutive internal phosphatases can be expected to have optima suited to 
particular pH values of various sites within the cell. 

It is possible that the ratio of phosphatase to cell volume, protein, or chlorophyll 
in natural phytoplankton populations can give direct information about their 
nutrient status. The fact that phosphate is undetectable in sea water does not 
prove that the natural phytoplankton population is phosphorus-deficient. The limit 
of chemical detectability is not yet as low as the limit of assinilability by algae 
(IXuenzler and Ketchum, 1962). From Tables If and III we would guess that 
samples of phytoplankton dominated by chrysophytes and diatoms are phosphorus- 
deficient if the alkaline phosphatase activity is greater than 10 X 10°S Units/p? of 
cells, 7.¢., two days’ production of this enzyme at a rate of 5 X 10° Units/p?+ day. 
We have been able to detect alkaline phosphatase in the particulate matter of some 
samples of natural sea water. More analyses must be done, however, before we 
can draw conclusions about the phosphate nutrition of the plankton from enzyme 
measurements. 


SUM AILARY 


1. Phosphate-repressible alkaline phosphatases were found in axenic cultures of 
marine algae, especially Chrysophyceae and PBacillariophyceae. Enzyme synthesis 


284 EDAVA RD: Mee ZRER ANT) JAMES POVERRAS 


started when the algae beeame phosphorus-deheient and stopped if phosphate was 
restored to the medium. 

2. Maximal enzyme activity was usually above pli 9, but significant activity 
was also present at ordinary sea water pll, approximately pH. 8. 

3. The phosphatases enabled algae to split glucose-6-phosphate ; the phosphate 
was quickly assimilated but the glucose moiety remained in the medium. Algae took 
phosphorus from adenosiue monophosphate and e-glycerophosphate at the same 
rate as from glucose-0-pliospliate. 

+. The phosphatases appear to be firmly bound near the cell surface. They may 
enable deficient algae to regenerate phosphate from soluble organic phosphorus 
compounds present mm natural sea water. 
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